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IFFERENTIAL signals are widely used in modern highspeed digital circuits because of their high immunity to noise and low electromagnetic interference (EMI). Especially for the serializer-deserializer (SerDes) signals working in gigahertz range, differential signals show great advantages over the single-ended signals. Unfortunately, in practical circuits, differential lines always carry common-mode noise generated by timing skew or amplitude unbalance along the differential paths. Such common-mode noise will degrade the signal integrity or power integrity, especially causes significant EMI issues due to the radiation through input/output cables [1] .
Discrete components, such as the common-mode chokes based on a high permeability ferrite core [2] , [3] and commonmode filters (CMF) based on the low-temperature co-fire ceramic [4] , have contributed to suppress the common-mode noise. However, their stopbands can hardly reach above 5 GHz due to their parasitic RLCG parameters. In recent years, the CMF integrated with the printed circuit board (PCB) [5] - [12] has been proposed because of its compact size, small parasitic parameters, and low cost. Most of these CMFs that have been studied before are based on electromagnetic band gap (EBG) structures [6] - [9] . EBG patterns are always placed on the reference planes above or below the differential lines. Through the coupling between the common-mode signal propagating along a differential pair and the EBG cell at its resonant frequencies, the EBG would not allow the common-mode noise to flow beyond itself [10] . One practical issue related to the integrated CMF is the misalignment of the filter and differential lines, when they are on different PCB layers. This will degrade the symmetry of the CMF, and result in working frequency offset and serious increment of the differential-common mode conversion ratio (|Scd21| and |Scd11|). Therefore, the coplanar CMF (as shown in Fig. 1 ), where the CMF (usually is a quarter-wavelength resonator [12] ) and differential lines are on the same PCB layer, is preferred for high density interconnects in engineering. Such coplanar CMF is insensitive to the misalignment during PCB lamination. Unfortunately, the commonly used coplanar CMF is a resonant structure, of which the stopband bandwidth is too narrow to cover the noise spectrum sufficiently. Things will become worse when considering the frequency offset at high frequencies (above 10 GHz) caused by the process deviations and the substrate dielectric uncertainty. To expand its bandwidth, several coplanar CMFs are usually serially distributed along the differential lines, which consume more PCB areas. Thus, finding a low-cost and achievable way to expand the bandwidth of a single CMF is significant for real engineering applications.
In this paper, a novel CMF with a wide stopband is proposed. A three-conductor model is presented to evaluate the coupling between differential lines and CMF. Based on the relation of geometry and coupling, the approach of expanding bandwidth is proposed, including minimizing the gap between differential lines and filter as well as etching slot on the ground plane. Fabricated PCB and its measurement results are also shown to demonstrate the efficiency of the proposed coplanar CMF. At last, a different CMF based on the circle patch resonator is presented to validate the generality of the proposed bandwidth expanding technique.
II. STRATEGIES FOR EXPANDING BANDWIDTH

A. Coupling Coefficient Between Differential Lines and Resonator (Coplanar CMF)
For practical information technology products, the differential lines carrying high-frequency signals above 10 GHz (such as SerDes signal) are very sensitive to the external EMI, so the stripline which has a higher immunity to EMI than the microstrip line is always employed. In this paper, we will focus on the stripline coplanar CMF. Fig. 1 shows an original coplanar CMF based on a quarterwavelength resonator. This CMF structure includes a pair of differential lines, a cascaded quarter-wavelength resonator, and three ground planes (GND1, GND2, and GND3). Differential signals propagate as the odd mode so the center line between the two traces of the differential lines is equal to a perfect electrical wall. In addition, common-mode noises propagate as the even mode so the center line is equal to a perfect magnetic wall. Thus, placing a resonator in the center of the differential lines has no much effect on the differential signals but will greatly stop the common-mode noise propagation [11] . That is the fundamental of the coplanar CMF. However, the coplanar CMFs provide a very narrow stopband because of the weak coupling between differential lines and the resonator. In the following, a simplified model is proposed to qualitatively analyze the coupling, in order to find the strategies to expand the bandwidth.
For the common-mode noise, an equivalent transmission line model is presented in Fig. 2 , where the differential lines are considered as a transmission line with the characteristic impedance Z 0e . In order to evaluate the noise coupling between differential lines and resonator, a simplified model including three conductors is developed in Fig. 3(a) . Conductors 1 and 3 are differential lines, while conductor 2 represents the resonator (CMF). Coupled striplines operate in the TEM mode and their electrical characteristics can be determined from the wave propagation velocity along the lines and the effective capacitances between the lines [13] . Based on the capacitance in a three-conductor system [14] , the capacitance model of even mode is developed in Fig. 3(b) . Due to the shielding effects of the top and bottom ground planes, the coupling between conductors 1 and 3 is small and ignored, so that C 13 = 0.
The coupling coefficient is a unitless number with an absolute value ≤ 1. It is always used for measuring the coupling between lines, and a large coupling coefficient means a strong coupling. For two-conductor transmission lines, the capacitive coupling coefficient is defined as [14] 
where C 1 and C 2 are the self-capacitances of each conductor, respectively, and C 12 is the mutual capacitance between the two conductors. The self-capacitance expresses the displacement current that flows from a given conductor to the ground when all other conductors are grounded. The mutual capacitance represents the charge appearing between a given set of conductors.
For the equivalent transmission line model in Fig. 2 , we can define the capacitive coupling coefficient between the differential lines of even mode and the resonator as
where C ee is the self-capacitance of the differential lines of even mode, C rr is the self-capacitance of the resonator, and C er is the mutual capacitance between the differential lines and resonator. Fig. 3(c) shows the circuit model to calculate C ee . In this case, conductor 2 (resonator) is grounded, so the self-capacitance of the differential line of even mode is C ee = (C 12 //C 10 )//(C 23 //C 30 ) = C 12 + C 10 + C 23 + C 30 .
(3) Similarly, the self-capacitance of the resonator C rr can be calculated from Fig. 3(d) , where the differential lines are grounded
The mutual capacitance C er is simplified as
As the whole structure is symmetric, we have that C 10 = C 30 and C 12 = C 23 . Assume C 20 = C r , C 10 = C 30 = C t , and C 12 = C 23 = C m , by substituting (3)- (5) into (2) we can rewrite (2) as
Apparently, K er is the increasing function of C m and decreasing function of C t and C r . Therefore, we can propose two approaches to get a larger K er : reducing the distance between differential lines and the resonator to increase C m , or increasing the distance between differential lines/resonator and their reference ground to decrease C t and C r .
It should be noted that above we propose a qualitative analysis of the coupling. It is used here to get easy-to-understand approaches for the enhancement of the coupling between the differential lines and the CMF. The following numerical and measurement results will verify the proposed approach.
B. Reducing the Distance Between Differential Lines and Resonator
According to the analysis of Section II-A, increasing the mutual capacitance C m (C 12 and C 23 ) between differential lines and the resonator will make K er larger and strengthen the coupling. Therefore, reducing the distance d_gap between traces and resonator is considered to increase C m . Fig. 4 shows the simulated common-mode insertion loss |Scc21| for different d_gap and Table I shows the numerical comparison of −10 dB bandwidth for different d_gap. The −10 dB stopband bandwidth increases about seven times when reducing d_gap from 6 to 2 mil. However, this approach has its limitation in real engineering because of the limitation of PCB fabrication. In this paper, the minimum distance between the traces is about 4 mil, which is provided by the PCB vendor. 
C. Changing the Reference Plane of Differential Lines
Reducing the distance between the traces and resonator to increase C m is not a feasible approach in PCB fabrication, so that decreasing C t and C r has to be considered. This strategy seems very easy by increasing h1 + h2; however, it is costly to modify the stack-up of PCB in the real PCB design, because it will influence other circuits mounted on the same board.
In this paper, etching the slot on the ground plane as in Fig. 5 is proposed. The size of the rectangular slot is 136 mil * 80 mil in this case. After etching the slot, the reference ground plane under the resonator and differential lines changes from GND2 to GND3, which means that the reference ground plane becomes further from the differential lines and the capacitance C t and C r are smaller. Meanwhile, changing the ground plane from GND2 to GND3 also increases the mutual capacitance C m . In conclusion, the smaller C t and C r as well as larger C m caused by the slot on GND2 make the coupling coefficient larger.
The simulation results of Fig. 6 show the comparison of common-mode suppression between the original CMF (see Fig. 1 ) and improved CMF [see Fig. 5(a) ], where the center frequency of the stopband is 25 GHz. The −10 dB stopband bandwidth expands about five times (from 0.54 to 2.76 GHz) by etching the slot on the ground plane. The stopband bandwidth of the improved CMF now is large enough to compensate the frequency offset at high frequencies caused by the process deviations and the substrate dielectric uncertainty. It should be noted that because the slot also increases the distance between the quarter-wavelength resonator and the ground plane, the centre frequency of the improved CMF will be slightly shifted. However, this frequency offset is very small and is easily reduced by adjusting the length or the width of the resonator. For the improved CMF, w r changes from 67.5 to 64 mil to make the center frequency be 25 GHz.
From Fig. 7 , we can see that the differential signals with improved CMF have almost the same differential insertion loss as that with the original CMF and that without CMF. In addition, the impedance mismatch issue can be resolved by TDR simulation. After the optimization of the width of the traces above the slot (w2 in Fig. 1 ), its value changes from 5.4 to 11 mil to make the differential mode impedance continuous across the slot. Fig. 8 shows the simulation results of differential mode impedance without CMF and with improved CMF. In this paper, the length of the slot (a = 136 mil) is 8 mil longer than the resonator (128 mil), and the width of the slot (b) is 80 mil. Fig. 9 shows the changes of |Scc21| and |Sdd21| for different slot sizes. It can be seen that as long as the slot is larger than the CMF, the slot size has little effect on the stopband of CMF and the differential signals quality.
III. MEASUREMENT
In order to evaluate the performance of the improved CMF, PCBs are fabricated. Fig. 10 shows one of the fabricated PCBs where four 2.92 mm connectors are mounted to the four terminals of the differential lines. The differential lines without the CMF, with the original CMF, and the proposed CMF are fabricated. They have the same extended traces connected to the connectors, as shown in Fig. 10 . To eliminate the cavity resonance produced by the ground planes, shorting vias are employed between different layers of ground planes. Fig. 11 shows the comparison of |Scc21| between the reference board without CMF, original CMF, and improved CMF. The stopband of the improved CMF has been expanded about five times than that of the original CMF.
At high frequency above tens of gigahertz, the resonant frequency of the CMF is very sensitive to the dielectric constant and CMF dimensions. The 1-D feature selective validation tools [15] , [16] are applied for quantifying the comparison of simulation and measurement results, which gives (4, 4, 4) in the Grade & Spread Chart. The frequency offset between the simulation and measurement results in Fig. 11 implies that the dielectric constant used in the simulation is not accurate enough and process deviations cannot be ignored. Such dielectric constant uncertainty and process deviations are critical problems for the massive production of PCBs, especially for the SerDes signal working above several tens of gigahertz. However, due to its wideband, the measured stopband of the improved CMF can still cover the target noise spectrum around 25 GHz even when there is a frequency offset. This shows the advantage of the improved CMF. Fig. 12 shows the |Sdd21| for the reference board, original CMF, and improved CMF. We can find that after applying the CMF, the insertion loss of the differential signal does not show a great change. This means that the improved CMF does not have much effect on the differential signal propagation, and also verify the effectiveness of the impedance matching method.
To fully evaluate the performance of the improved CMF, the differential-common mode conversion ratio |Scd21| and |Scd11| are also measured and compared between the reference board, original CMF, and improved CMF in Figs. 13 and 14 , respectively. From these figures, we can see that in comparison with the original CMF, the improved CMF does not degenerate the |Scd21| and |Scd11|. Especially in Fig. 13 , the improved CMF even shows a smaller |Scd21| than the original CMF.
IV. GENERALITY OF THE IMPROVED CMF
The proposed strategy that increasing the bandwidth of CMF by changing the reference plane is a general solution. In previous sections, it is used to increase the bandwidth of the commonly used quarter-wavelength resonator. However, it also can be used to most of the coplanar CMF. In this section, its application to the circular resonator is demonstrated. Fig. 15(a) shows the original circular patch CMF. The circular patch together with its ground plane forms a cavity. At the resonant frequency of the cavity, the common-mode noise will be stopped due to the coupling between the cavity and the differential lines. Fig. 15(b) plots the improved circular patch CMF. Here, the ground plane below the circular patch is etched, and then the reference plane of the circular patch is changed to the next ground plane.
In this case, the radius of the patch is 73 mil and the radius of the etched hole is 100 mil as shown in Fig. 15 . Fig. 16(a) and (b) shows the |Scc21| and |Sdd21| of the original CMF and the improved CMF, respectively. From this figure, we can see that the bandwidth of |Scc21| of the improved CMF is greatly increased than that of the original CMF. At the same time, |Sdd21| is almost the same as that of the original CMF, where the small fluctuation due to the impedance mismatch can be reduced by adjusting the width of the differential lines over the etched hole. This verifies the generality of the proposed strategy in this paper. 
V. CONCLUSION
In this paper, we propose an improved design of the highfrequency coplanar CMF with a wideband common-mode stopband. The major benefit of the proposed CMF is that it can compensate the dielectric constant and fabrication uncertainties by its wideband. This is useful for massive production of PCBs, especially for the SerDes signal working above several tens of GHz. The simulation and measurement results have shown the effectiveness of the improved method. It should be noted that the proposed method is a general method for improving the current CMF design. It can be extended to other types of coplanar CMFs based on different resonators.
